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Abstract

:

The water–gas-shift (WGS) reaction was studied on a series of supported Cu catalysts in which the MgAl2O4 (MAO) support was modified by depositing ZnO, CeO2, Mn2O3 and CoO using Atomic Layer Deposition (ALD). Addition of Cu by one ALD cycle gave rise to catalysts with nominally 1-wt% Cu. A 1.1-wt% Cu/MAO catalyst prepared by ALD exhibited twice the dispersion but ten times the WGS activity of a 1-wt% Cu/MAO catalyst prepared by impregnation, implying that the reaction is structure sensitive. However, Cu catalysts prepared with the ZnO, CeO2, and Mn2O3 films showed negligible differences from that of the Cu/MAO catalyst, implying that these oxides did not promote the reaction. Cu catalysts prepared on the CoO film showed a slightly lower activity, possibly due to alloy formation. The implications of these results for the development of better WGS catalysts is discussed.
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1. Introduction


The water–gas-shift (WGS) reaction, CO + H2O = CO2 + H2, is critically important for maximizing the production of H2 from syngas [1]. Because rates increase with temperature and equilibrium is favored at lower temperatures, the reaction is traditionally carried out in two stages in large-scale H2 plants, using a high-temperature, Fe3O4-based catalyst at higher temperatures in the initial stage and a Cu-based catalyst at lower temperatures to increase the yield. Although the catalysts for these processes have been in use for many years, there is still significant ongoing work to develop new materials, particularly for operation in smaller fuel processors, where one would like to use a single catalyst for both high- and low-temperature operation [2,3]. The traditional Fe3O4-based catalysts are not sufficiently active at low temperatures and Cu-based catalysts tend to sinter at higher temperatures [4].



One method for increasing both activity and stability of metal catalysts for WGS involves changing the support. For example, ceria-supported, group 10 metals (e.g., Ni, Pd, and Pt) exhibit much higher WGS rates than their alumina-supported counterparts due to oxygen transfer at the metal-ceria interface [5]. Because reduced ceria is easily oxidized by water and oxidized ceria can transfer oxygen to the group 10 metals for CO oxidation, rates on these catalysts can be orders of magnitude higher than that observed on either ceria or the group 10 metals individually [6,7,8,9]. A similar mechanism may be responsible for high rates on titania-supported metals [10,11,12].



Cu is different from the group 10 metals in that oxidation of metallic Cu by H2O is more thermodynamically favorable [13]. Therefore, dissociation of water occurs more easily on the metal itself, making the need for a promoter, like ceria, less obvious [14]. The conventional support for Cu-based WGS catalysts is Al2O3, along with added ZnO [4]. The Al2O3 simply provides surface area and is not expected to modify the catalytic properties of Cu. The role of ZnO is less clear but its role appears to be primarily that of a getter to prevent sulfur poisoning [4]. However, it should be noted that Zn alloy formation has been reported to enhance WGS rates with Pd [15]. While alloy formation is probably not important under WGS conditions for Cu/ZnO/Al2O3 catalysts, other kinds of Cu-ZnO interactions cannot be ruled out [16].



There is evidence that oxides other than ZnO can affect the activity of Cu for the WGS reaction [17,18,19,20,21]. A number of studies have indicated promotion by CeO2 [17,18,22,23], likely for similar reasons as with the group 10 metals [8]. MnOx has also been suggested as a promoter for WGS over Cu. For example, Tanaka et al. prepared a CuMn2O4 catalyst by coprecipitation and found its activity to be similar to Cu/ZnO/Al2O3 despite having a much lower surface area [24]. Similarly, Tabakova et al. reported that a Cu-Mn spinel showed high activity and stability [25]. Finally, WGS promotion by Co has been reported by several groups [26,27,28]. While these latter studies suggest that the catalyst is a Cu-Co alloy, thermodynamic measurements on small Co particles imply that the Co may be present as an oxide under WGS conditions [29].



The mechanisms by which a support affects WGS activity are likely support dependent. As discussed above, the support could itself be a promoter that assists the dissociation of water. In other cases, the support simply modifies the adsorption and reaction properties of the metal. For example, with very small particles, the support can change the average oxidation state of the metal atoms by transfer of electrons [30], which in turn would affect the adsorption and reaction properties. Alternatively, the support could simply influence the shape, and therefore the exposed surface facets, of the metal particles. Studies have shown that Cu can wet ZnO surfaces under some conditions [1,31], implying that ZnO can affect Cu particles shapes; and this could well affect rates since the WGS reaction over Cu has been reported by some to be particle-size dependent [19,32]. In a related example, studies of Pt supported on ZnO crystals have also demonstrated that ZnO can modify the shape and adsorption properties of the metal [33].



One difficulty with studies of support effects is that oxides used as supports have different surface areas and surface textures, making it difficult to isolate chemical effects from these other physical factors. When the oxide of interest is added to an inert support (e.g., ZnO onto Al2O3 in the case of WGS catalysts.), contact between the metal catalyst and the oxide promoter is not assured [34]. Therefore, in order to minimize the effects of surface area and oxide morphology while ensuring contact between the catalytic metal and the oxide of interest, our research groups have examined supported-metal catalysts in which the oxides of interest are deposited as conformal films onto an inert support using Atomic Layer Deposition (ALD) [35]. The ALD films are produced by first exposing the inert support to a gas-phase precursor of the desired oxide, after which the adsorbed precursor is oxidized in a separate step. This procedure is repeated as often as necessary to achieve a conformal oxide film with the desired thickness. Using this method, a series of catalyst supports can be prepared that have different surface compositions but nearly the same surface area and morphology.



In the present study, we have studied the effects of the support composition on Cu for the WGS reaction using thin films of ZnO, Mn2O3, CeO2, and CoO on MgAl2O4 (MAO). MAO was chosen because of its low reactivity with the oxide films. Although WGS rates were found to be significantly higher when Cu was added to these supports by ALD, rather than conventional impregnation, all of the fresh catalysts showed similar rates, with the exception of the CoO-based catalyst, which was less active, probably due to alloy formation.




2. Results and Discussion


2.1. Characterization of Supports


A list of the catalyst supports used in this study, together with some of their properties, is shown in Table 1. The supports were formed by depositing 20 ALD cycles of the various oxides onto the MAO substrate. As shown in Figure 1, the oxide coverages were measured gravimetrically after every 5 ALD cycles. The film thicknesses and growth rates in Table 1 were then calculated by assuming the films grew uniformly and had the same density as that of the bulk oxides. The growth rates for each of the four oxides was between 0.009 and 0.02 nm/cycle, values that are in reasonable agreement with typical growth rates reported in the literature for precursors with large ligands [36]. The growth rates for CeO2, Mn2O3, CoO were also identical to that observed previously in our laboratories on Al2O3 [35]. As shown in Table 1, the BET surface areas of the supports decreased upon the addition of the films. This is primarily due to an increase in the sample mass, leading to a decrease in the surface area per mass. Because the ALD films were so thin, the pore volume and average pore diameter will not change.



STEM-EDS measurements were performed on the ALD-modified supports to determine whether the films covered the MAO uniformly. These are reported in Figure 2a–d). The STEM images in each case were indistinguishable from that of the initial MAO, implying that the added films did not change the overall morphology of the samples. More importantly, the EDS maps of the elements showed a good correspondence between the overlayer oxides and the underlying Al signal from the MAO. Therefore, the overlayer compositions must be uniform on the 10-nm scale shown in the images.



TPD-TGA with adsorbed 2-propanol is a more sensitive method for determining the surface composition of mixed oxides because the temperature at which 2-propanol undergoes dehydration depends on the Lewis acidity of the oxide onto which the alcohol is adsorbed [37,38]; therefore, TPD-TGA experiments were performed for each of the supports used in this study, with results shown in Figure 3. After exposing the fresh MAO to 2-propanol vapor at room temperature, followed by evacuation for 1 h, the adsorbate coverage was approximately 580 µmol 2-propanol/g of support, or 3.7 × 1018 molecules/m2 (Figure 3a). This specific coverage is close to what would be expected for a close-packed monolayer of 2-propanol, implying that the entire surface was covered. Upon ramping the temperature, about half of the 2-propanol (m/e = 45) desorbs unreacted below 450 K, with the rest desorbing as propene (m/e = 41) in a sharp peak centered at 500 K and water. (The signal for water is not shown here because it desorbs over a wide temperature range.) After heating to 800 K, the sample mass returned to its initial value.



The TPD-TGA data for each of the ALD-modified supports are significantly different, as shown in Figure 3b,e. The specific saturation coverages following evacuation were again similar to the value found on MAO, ranging from 3.2 to 4.9 × 1018 molecules/m2; again, about half of the adsorbed 2-propanol left each surface unreacted at lower temperatures. With ZnO/MAO, the main products were acetone (m/e = 43) and H2 (m/e = 2) at 500 K, with a propene shoulder at higher temperatures. Results for CeO2/MAO and CoO/MAO were similar to that found on ZnO/MAO except that acetone formed over a broader temperature range and some H2 did not leave the surface until above 650 K. Finally, a much higher fraction of the 2-propanol desorbed as acetone on Mn2O3/MAO, beginning at temperatures below 400 K. For purposes of this study, the most important point is that the sharp propene peak at 500 K that was observed on MAO was completely absent on all of the ALD-modified supports. If patches of MAO had remained uncovered by the oxide overlayers, one would expect to see reaction of the 2-propanol at that temperature [38].




2.2. Water–Gas-Shift Measurements


To establish the most effective method for depositing Cu onto the various supports, we first examined two Cu/MAO catalysts in which Cu was added by either conventional impregnation (impCu/MAO) or by one ALD cycle of the Cu precursor (Cu/MAO). After calcination at 773 K, both catalysts were reduced in flowing H2 at 623 K. Some properties of these catalysts are shown in Table 2. The dispersion, determined by N2O adsorption, was approximately two times higher on the ALD-prepared catalyst, 15% versus 8%, resulting in a calculated particle size that was a factor of almost two smaller, 7 nm versus 13 nm. The TEM images of the two catalysts in Figure 4a,b agreed well with the particle-size estimates obtained by N2O adsorption.



Figure 5a reports Arrhenius plots of the WGS rates on these two Cu/MAO catalysts. The activation energies determined from the slopes of the two lines on this plot are similar, 33.4 kJ/mol and 36.7 kJ/mol; however, the absolute rates differed by a factor of approximately 10. This difference in rates was five times greater than the difference in Cu surface areas, implying that the reaction must be structure sensitive. Literature reports concerning the structure sensitivity of WGS over Cu show disagreements [4]. At least one report concluded that the reaction is strictly proportional to the exposed area of Cu [39], while another report found that the turnover frequency did change with Cu loading, possibly due to micro-strain or the presence of Zn cations [40]. WGS rates on the MAO itself were undetectable between 423 K and 623 K.



In our examination of the effects of the support, Cu was added to the MAO-supported films using one ALD cycle of the Cu precursor, so that the structure of the particles would be similar. In addition to ensuring that all catalysts were prepared in the same manner, adding Cu by vapor-phase methods also avoided having to immerse the supports into a solvent, which could potentially dissolve and modify the structure of the oxide films. The Cu loadings after one ALD cycle, shown in Table 2, were slightly lower than that of the Cu/MAO catalyst because the surface areas of the supports were slightly lower; however, the coverages were between 1 and 2 × 1018 Cu atoms/m2 in all cases, consistent with a constant growth rate in the ALD process.



WGS reaction rates were initially measured following oxidation of the ALD-prepared catalysts at 773 K and a low reduction temperature of 623 K. Oxidation at 773 K was necessary to remove the precursor ligands, while reduction at 623 K was sufficiently low to minimize sintering. The differential, WGS reaction rates for each of these catalysts are shown in Figure 6a. With the possible exception of the Cu/CoO/MAO catalyst, rates on each of the other catalysts on ALD-modified supports were identical, with identical activation energies, within experimental uncertainty. Rates on Cu/CoO/MAO also showed the same activation energy but were shifted downward by a factor of about three. Although cobalt oxide is normally not reduced to its metallic state by the mild conditions used in this study, the zero-valent state is the thermodynamically stable form of cobalt under WGS conditions [29]. It is possible that the lower rates on Cu/CoO/MAO are due to partial reduction of the support and deactivation of some of the Cu due to formation of a less reactive Cu-Co alloy. All of the other oxide films will remain oxides under the conditions of these experiments. An obvious conclusion of Figure 6a is that the support composition has no influence on the WGS reaction rates over Cu.



Support interactions can also stabilize the metal dispersion in heterogeneous catalysts, and Cu catalysts are highly susceptible to sintering. To determine whether the various oxide films could affect Cu stability, each of the ALD-prepared Cu catalysts were reduced at 1073 K for 1 h in flowing H2, after which the differential WGS rates were again measured. These rates are shown in Figure 6b. A brief reduction at 1073 K, a temperature significantly above the Tamman temperature of Cu, 678 K, was chosen in order to simulate what would happen after long-time aging. After the high-temperature treatment, rates on Cu/MAO and Cu/ZnO/MAO dropped by a factor of about 10. In the case of Cu/MAO, the N2O-measured dispersion dropped from 15% to 6.5% (See Table 2), implying that the loss in activity cannot be entirely explained by a loss in Cu dispersion. Apparently, high-temperature reduction also changes the structure of the Cu particles, resulting in some lost activity. The similarity between Cu/MAO and Cu/ZnO/MAO suggests that ZnO does not have a dramatic effect on the WGS rates. Some mild stabilization was observed with Cu/CeO2/MAO and Cu/Mn2O3/MAO. Both CeO2 and Mn2O3 are partially reduced by heating in H2 at 1073 K and the reduced oxides likely suppress Cu sintering. Interestingly, high-temperature reduction had very little effect on Cu/CoO/MAO. This is possibly consistent with alloy formation, since Co has a much higher melting temperature than Cu.



The fact that commercial, low-temperature, WGS catalysts incorporate ZnO and other promoters into their catalysts implies that these additives provide advantages under realistic, industrial conditions [4]. What the results of our present work suggest is that these advantages are likely not due to a simple promotion of the catalytic properties of Cu. We have already noted that ZnO can act as a sulfur getter to protect Cu [4,16]; given that these catalysts are often prepared by co-precipitation of Cu, Al2O3, and ZnO, with much higher Cu loadings, it is also possible that the promoters affect rates by changing the structure of the Cu particles. As also noted earlier, the WGS reaction appears to be structure sensitive on Cu. This leads to an important conclusion. If the key to better catalysts involves modifying the structure of the metal particles, the strategy for preparing and stabilizing Cu catalysts needs to incorporate ways to change the structure of the metal particles.



Finally, the work shown here demonstrates the utility of using ALD modification to study support effects in metal catalysts. ALD modification of supports allows preparation of supports in which the composition of the surface can be varied while maintaining surface area and pore size relatively constant. For reactions in which the surface texture plays a role, maintaining that texture may not be possible in other ways.





3. Materials and Methods


The inert support used in this study, MgAl2O4 (MAO, Puralox MG 26/100, Sasol, Hamburg, Germany), was calcined at 1173 K prior to use in order to ensure that its surface area would not change during the course of these experiments. Oxide films were deposited onto the MAO by ALD using procedures and equipment that are described in more detail elsewhere [41]. Briefly, ~0.4-g samples were evacuated using a mechanical pump and then exposed to a few torr of the desired precursor for 5 min at 553 K. After evacuation, the samples were removed from the system and placed in a muffle furnace for 5 min at 773 K to remove the precursor ligands. This procedure was repeated 20 times for each of the oxide films studied here. The precursors used in this study were all obtained from Strem Chemicals, Inc., and included bis(2,2,6,6-tetramethyl-3,5-heptanedionato)copper(II) 99% [Cu(TMHD)2], tris(2,2,6,6-tetramethyl-3,5-heptanedionato)manganese(III) 99% [Mn(TMHD)3], tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato)cerium(IV) min. 97% (99.9%-Ce) (REO) [Ce(TMHD)4], bis(2,2,6,6-tetramethyl-3,5-heptanedionato)zinc 99% [Zn(TMHD)2], and tris(2,2,6,6-tetramethyl-3,5-heptanedionato)cobalt(III) 99% (99.9+%-Co) [Co(TMHD)3].



Support interactions are expected to be most important for small metal particles [30]; therefore, we chose to examine only catalysts with low Cu loadings of roughly 1-wt%. The weight loading was determined gravimetrically. For most of the samples in this study, Cu was added to the supports using one ALD cycle with the Cu precursor (Cu(TMHD)2), followed by calcination at 773 K. Addition of metals by ALD has been shown to maximize the dispersion of metal catalysts in other cases [42]. However, to determine the effect of preparation methods, an MAO-supported Cu catalyst was also synthesized by impregnation with an aqueous solution of Cu(NO3)2 (99%, Sigma-Aldrich, St. Louis, MO, USA). After adding the Cu(NO3)2, the sample prepared by impregnation was dried in an oven at 333 K overnight, then calcined in a muffle furnace at 723 K.



BET surface areas were measured in a home-built apparatus using N2 adsorption at 77 K. Transmission Electron Microscopy (TEM), Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray Spectroscopy (EDS) were obtained on selected samples using a JEOL F200 scanning/transmission electron microscope, purchased from JEOL USA, Inc., Peabody, MA, USA. The Cu dispersions on the MAO supports were estimated using N2O adsorption, using the following procedure [43]. First, 0.5-g samples were reduced in flowing H2 (20 mL/min) at 623 K for 1 h, then cooled to 333 K in flowing He. After this, the sample was exposed to flowing N2O (1.6 mL/min) to oxidize the surface of the Cu to Cu2O without oxidizing the bulk. After purging any remaining N2O with He, the sample was exposed to flowing CO (2.25 mL/min) while ramping the temperature from 333 K to 623 K at a rate of 30 K/min. The amount of CO2 produced was quantified using a quadrupole mass spectrometer (Stanford Research Systems, RGA-100, Sunnyvale, CA, USA) and used to calculate the amount of surface Cu. Unfortunately, it was not possible to measure Cu dispersions by N2O reaction on catalysts containing reducible oxides due to reaction with the oxide films.



Previous work has shown that the temperature at which 2-propanol reacts in Temperature Programmed Desorption (TPD)/Thermogravimetric Analysis (TGA) experiments is very sensitive to the surface composition [38,44]. TPD-TGA with 2-propanol were performed with 20-mg samples in a turbo-pumped vacuum system that is described elsewhere [42]. After heating a sample in vacuum at 823 K, it was cooled to room temperature, exposed to 10 torr of 2-propanol for several minutes, and then evacuated for 1 h. TPD-TGA measurements were obtained while heating the evacuated sample at 10 K/min, using a microbalance (Cahn 2000, Cerritos, CA, USA) to measure the mass changes and mass spectrometer to measure the gas phase (Stanford Research Systems, RGA-100, Sunnyvale, CA, USA).



The WGS reactions were conducted in a ¼”, quartz, tubular flow reactor. Approximately 0.1-g samples were placed in the center of the quartz tube and heated in a tubular furnace. CO and H2O were fed to the reactor at partial pressures of 25 torr, using He as the balance. The total gas flowrate was 64.3 mL/min and all lines were heated to avoid condensation. The product stream was analyzed using a gas chromatograph (SRI Model 8610C, Torrance, CA, USA) equipped with a Hayesep Q column. Each rate measurement was performed several times to ensure reproducibility. For the construction of the Arrhenius plots, conversions were always kept below 15% to ensure differential conditions.




4. Conclusions


Reaction rates for the WGS reaction on supported-Cu catalysts with low Cu loadings on MAO and MAO modified with thin films of ZnO, CeO2, Mn2O3, and CoO suggest that the reaction on Cu is sensitive to the Cu structure but is not sensitive to the composition of the support. This has potential implications for the preparation of improved low-temperature WGS catalysts.
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Figure 1. ALD Growth rates for the various oxides on MAO. 
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Figure 2. High angle annular dark field STEM images and EDS maps taken from the regions in green boxes for the ALD-modified supports (a) ZnO/MAO, (b) CeO2/MAO, (c) Mn2O3/MAO, (d) CoO/MAO. 
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Figure 3. Temperature programmed desorption (TPD) and thermogravimetric analysis (TGA) results for 2-propanol on the supports used in this study, (a) MAO, (b) ZnO/MAO, (c) CeO2/MAO, (d) Mn2O3/MAO, (e) CoO/MAO. Characteristic mass fragments: 2-propanol (m/e = 45), propene (m/e = 41), and acetone (m/e = 43). 
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Figure 4. TEM images of (a) Cu/MAO and (b) impCu/MAO. Cu particles are shown by the arrows. 
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Figure 5. Differential WGS rates on Cu/MAO and impCu/MAO catalysts after reduction at 623 K. 
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Figure 6. Differential WGS rates on catalysts reduced at (a) 623 K and (b) 1073 K. 
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Table 1. Properties of the ALD-modified supports used in this study.
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	Sample
	Thickness Growth Rate (nm/cycle)
	Final Metal Oxide Weight Loading (%)
	Final Film Thickness (nm)
	BET Surface Area (m2/g)





	MgAl2O4 (MAO) *
	–
	–
	–
	95



	ZnO/MAO
	0.020
	23
	0.41
	60



	CeO2/MAO
	0.018
	24
	0.36
	77



	Mn2O3/MAO
	0.018
	18
	0.35
	86



	CoO/MAO
	0.009
	10
	0.19
	74







* MAO has a pore volume of 0.0030 cm3/g, and an average pore diameter of 7.8 nm.
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Table 2. Weight loadings, dispersions, and equivalent particle sizes of various samples.
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	Sample
	Weight Loading (%)
	Dispersion (%)
	Particle Size (nm)





	Cu/MAO
	1.1
	15
	7



	impCu/MAO
	1.0
	8
	13



	Cu/MAO (1073K) *
	1.1
	6.5
	17



	Cu/ZnO/MAO
	1.0
	–
	–



	Cu/CeO2/MAO
	0.9
	–
	–



	Cu/Mn2O3/MAO
	1.0
	–
	–



	Cu/CoO/MAO
	1.1
	–
	–







* All samples were reduced at 623 K except for Cu/MAO (1073K) which was reduced at 1073 K.
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